The human Protein Kinase R (PKR) is one of the important and critical components of the innate immune response against viral infection. It regulates distinct cellular functions and controls the fate of an RNA molecule in the cell. PKR dephosphorylation is characterised by inhibitory interactions between the kinase domain and the RNA binding domains (RBDs), but the complete structural details and dynamics of the latent state and its activation are not yet clear. Several studies on the activation of double stranded RNA binding domain (dsRBD) of Protein Kinase R (dsRBD-PKR) have been attempted during the last few decades. In order to further investigate on its activation mechanism, we have analysed the backbone [ 1 H-15 N]-dynamics and chemical shift perturbation studies of dsRBD-PKR in the presence of bacteriophage Pf1. Pf1 is known to orient the protein in the presence of external magnetic field and, can be further used to get useful information about the protein properties such as the different dynamic behaviour in multidomain proteins like dsRBD-PKR. These NMR based results improve our basic understanding of the domain flexibilities of dsRBD-PKR where some secondary structural regions of dsRBM1 (dsRNA binding motif 1) show a different behaviour than the one from dsRBM2 (dsRNA binding motif 2) these observations further lead to a better understanding of PKR mechanism where dsRBM1 has more affinity towards RNA as compared to dsRBM2.
INTRODUCTION
The double-stranded RNA binding domain (dsRBD) of PKR, which was first identified in the early 1990s, is present in more than 100 proteins from different organisms ranging from Escherichia coli to humans. The dsRBDs are ~70 amino acid residues long and can only bind to a double stranded RNA (dsRNA). Recent studies suggest that it sometimes bind to a single-stranded RNA (ssRNA) or to a DNA [1, 2] . These dsRBDs are classified into two distinct types based on their sequence comparison: Type-A dsRBDs and Type-B dsRBDs. Type-A dsRBDs are conserved over the entire length of a defined consensus sequence, whereas Type-B dsRBDs fit the consensus only at the carboxy terminal [2] . In vitro RNA-binding experiments show that only type-A dsRBDs bind to dsRNA, while type-B domains fail to bind dsRNA by themselves. However, the presence of multiple domains in tandem arrangement enhances their ability to bind dsRNA dramatically [3, 4] . Eukaryotic dsRNA binding proteins (DRBPs) may contain up to five dsRBDs, while other DRBPs coming from viruses usually contain only one. The functions of DRBPs [5, 6] have been found to include RNA localisation, RNA editing, translational repression and most recently, post-translational gene silencing. It has been shown that proteins with multiple dsRBDs increase their functional diversity [5] [6] [7] . This has increased the interest of research in the field of DRBPs. Its importance has also been emphasised in brain tissues in patients with Alzheimer's, Parkinson's and Huntington's diseases [8] .
The human Protein Kinase R (PKR) is one of the most important antiviral proteins induced by interferons. Interferons are proteins secreted by the cellular defence system during viral infections. This protein is synthesised upon binding to dsRNA at latent state and undergoes autophosphorylation at various Ser and Thr residues, resulting in its activation. In addition to this, PKR is involved in different kinds of cellular signalling pathways.
Human PKR is a 68 kDa long protein containing two domains, namely N-terminal dsRNA-binding domain and the C-terminal catalytic or kinase domain. The N-terminal regulatory domain has two dsRNA binding motifs (the Nand the C-terminal motifs, generally abbreviated as dsRBM1 and dsRBM2, respectively). Each of these motifs is 70 amino acid residues long and is connected with a 20-22 residue long flexible linker. Despite extensive biochemical and genetic studies, the exact mechanism of the activation of PKR following dsRNA binding is not yet clearly understood. Though both dsRBMs of PKR are involved in dsRNA binding and PKR activation, they are functionally nonequivalent, with dsRBM1 exhibiting much higher dsRNA binding activity than dsRBM2 [4, [9] [10] [11] . Structural studies carried out using NMR as well as X-ray crystallography reveal the same kind of tertiary fold, , for both the motifs (Fig. 1) . The 3D-structure of dsRBD-PKR solved by NMR [12] further supports this kind of tertiary fold for both the motifs. Surprisingly, these domains exhibit specific and distinct functions, which are quite different from one another. Structure based understanding of such differential dsRNA binding has been limited because both motifs adopt similar folds with highly conserved RNA binding residues. These kinds of special behaviour and differences could be due to the protein flexibility and internal dynamics of the individual amino acid residues situated in the specific motifs, as described earlier [13, 14] .
In this backdrop, we attempted to get information about PKR activation based on the backbone dynamics of these two motifs of dsRBD-PKR in the presence of bacteriophage Pf1, which is a medium to reorient the biomolecules in the presence of steric or magnetic effect [15, 16] . The Pf1 consists of a single stranded circular DNA genome which is packaged at 1:1 nucleotide: coat-protein ratio. This packaging forms a rod of ~60 Å in diameter and ~20,000 Å in length, which orients with its long axis parallel to the external magnetic field. Bacteriophage Pf1 has been preferred over other media for alignment because of the following advantages: (a) It is highly stable in different experimental conditions (pH varying from 6.5-8.0 and different salt conditions), (b) unlike the bicelles medium, the ordered phase exists over a wide range of temperature (5-45 °C), (c) the phage fully aligns over a wide range of phage concentrations (1-50 mg/ml). In addition, Pf1 [17] [18] [19] [20] has negatively charged surface at physiological pH like RNA and DNA oligomer. We have used dsRBD-PKR in the presence of Pf1 to measure RDC (residue dipolar couplings) which will be published elsewhere. During the course of RDC measurement, we performed NMR dynamics to get information of dsRBD in the presence of Pf1 which seems to be quite interesting and promising up to certain extent. Though Pf1 is quite different from dsRNA, and dsRBD-PKR is quite specific to the dsRNA, these findings can be used as an addition to our earlier reported studies [13, 14] and in fact, increase our understanding of PKR activation where some secondary structural regions of dsRBM1 may anchor the RNA primarily, in a more efficient fashion than dsRBM2.
RESULTS AND DISCUSSION (a) NMR 15 N-Relaxation Dynamics of dsRBD in the Presence of Bacteriophage Pf1
The following NMR relaxation parameters were collected at two different magnetic field strengths (500 and 600 MHz) to calculate the motional properties of dsRBD containing the two dsRBMs and the central linker: (a) spinlattice relaxation time (T 1 ) (Fig. 2A) ; (b) spin-spin relaxation time (T 2 ) (Fig. 2B) ; (c) steady-state 1 H-15 N nuclear Overhauser effects (NOEs) (Fig. 2C ). Based on the 1 H/ 15 N backbone chemical shift assignments of dsRBD in Pf1, the relaxation data for 143 out of 179 residues present in dsRBD were used in the analysis. The remaining were prolines, residues showing spectral overlap, the one at the N-terminal end which broadened out due to chemical exchange, and the residues that did not show their signatures in HSQC spectrum. Here, the dsRBD sequence includes extra amino acid residues, which arise from the cloning, five at the Nterminal end and four at the C-terminal end.
The average T 1 , T 2 values and NOEs for residues with regular secondary structures in dsRBM1 and dsRBM2 are given in Table 1 . As observed commonly in native proteins, the observed T 1 values are almost constant throughout the sequence and hence, can not be used directly to sense the motional properties of the polypeptide chain. The T 2 values are also uniform except for residues numbered 35, 36, 85-106, 140, 141, 142, which show higher values of T 2 . These higher values of T 2 , particularly from the residues 85 to 106 region, originated from the flexibility of this amino-acid segment linking the two-domains. In the absence of conformationally exchanging motions, and provided that the extreme narrowing condition for fast internal motions ( 0 c <<1, where 0 is the Larmor frequency, and c is the correlation time for the internal motion of the i th NH vector) is satisfied, the correlation frequencies for internal motions affect T 1 and T 2 to the same extent. Under these circumstances, the T 1 /T 2 ratio depends only on the overall molecular tumbling correlation time, m ( c ) [21, 22] . Thus, the T 1 /T 2 Lines followed by the "dsRBM1" and "dsRBM2" represent residues involved in the respective motifs.
ratio provides a useful initial information/estimate of m .
Residues with large-amplitude internal motions in a timescale longer than a few hundreds of picoseconds, which can be identified by low NOE values (0.6), must be excluded from this calculation. By following the above procedures, the mean T 1 /T 2 ratios were found to be 8.25±0.36 at 600 MHz and 5.95±0.26 at 500 MHz. The ratio yielded the initial estimate of tm of 8.95±0.12 and 9.75±0.18 for 600 MHz and 500 MHz, respectively. The overall rotational correlation times calculated for dsRBD-PKR in the presence of 5 mg of Pf1 were 9.75±0.18 and 8.95±0.12 ns for 500 and 600 MHz, respectively. This value is slightly different than the overall correlation time, 9.53±0.03 ns, reported in the case of free protein [14] . This marginal increase/lowering of overall correlation time could be due to the presence of Pf1 in dsRBD-PKR.
(c) m Determination from the Reduced Spectral Density Map
The three spectral density parameters J( H ), J( N ) and J(0) were calculated as mentioned in materials and methods section (Fig. S2) . Only a few residues showed distinctly higher values of J ( The solution of the above cubic equation yielded three values (x1, x2, and x3) of m ( Table 2) . The values in millisecond, microsecond, sub-ns and picoseconds represent the chemical exchange/overall rotational tumbling time or internal motion depending on their amplitudes. [23, 25] . In the absence of R ex contributions, J(0) is equal to J int (0) therefore, the obtained J(0) values should be field independent. However, in the presence of R ex , J(0) is expected to increase with field strength, since R ex N 2 (Fig. S3) . We emphasised that though the intrinsic errors of such estimation of R ex is always large [25] , it can still be used as a good interpretation of the experimental data.
(e) [ 1 H-15 N]-Backbone Dynamics and Internal Motions
The backbone relaxation data analysis was done for 143 out of 179 backbone 15 N nuclei of dsRBD of PKR. The dsRBM1 contained 70 residues, the dsRBM2 had 68 residues, the interdomain linker had 22 residues, the polypeptide stretch at the N-terminal end (not part of dsRBM1) contained 14 residues, and C-terminal part of dsRBD (not part of dsRBM2) had 5 residues. However, we could only account for 58 residues coming from dsRBM1, 56 residues from dsRBM2, and 18 residues from interdomain linker in relaxation data analysis. The average T 1 , T 2 , NOE and internal motions for regular secondary structure as well as interdomain linker are given in Table 1 . Further, all tumbling motions measured for RNA binding sites in ps are presented in Table 1 . As seen from Fig. (2) and Table 1 , average T 1 , T 2 values for the residues with regular secondary structures for dsRBM1 and dsRBM2 are almost similar, whereas the average NOEs for dsRBM1 is smaller than dsRBM2 at both 500 and 600 MHz. It is evident from Fig. (2) that residues with rigid and regular secondary structures in the protein, either from dsRBM1 or from dsRBM2, showed smaller T 2 and higher NOE values than flexible loop residues. The interdomain linker (85-106) showed a relatively higher T 2 and low (negative) NOE values (Fig. 3) . These rigid and regular secondary structural components exhibit different varieties of internal motions ( Table 1 ).
The internal motions for loops/turns for dsRBMs are given in Table 1 . Loop2/loop 7, poorly defined in NMR structure [12] and the main part of dsRNA binding, showed less internal motions in the presence of bacteriophage Pf1, as seen in the original dynamics study (Nanduri et al. 2000) . Similarly 1, 3, loop4 and loop9 exhibited less internal motions. This may be due to their close proximity to the dsRNA binding sites. Interestingly, all dsRNA binding partners coming from dsRBM1 had less internal motion than those present in dsRBM2. This could lead to a conclusion that all partners in dsRBM1 are more affected in presence of the bacteriophage Pf1 or dsRNA. This might add some more information about dsRBD-PKR activation where dsRBM1 may anchor to the bacteriophage Pf1/dsRNA primarily and then dsRBM2 comes into play. Since dsRBM2 also interacts with kinase domain, there is a possibility that it may interact at a later stage in the activation mechanism. In dsRBM1, there are mainly three RNA binding regions and from Table  1 , it is evident that most of them have fewer motions as mentioned above. Since loop4 shows no internal motions in the presence of Pf1, it can be concluded that it may have got affected with Pf1 first. This suggests that loop3 may be involved in the interaction with dsRNA first, followed by loop2 and 1 approaching the dsRNA. These results were supported by R ex -plot in the supplementary (Fig. S3) , in which all RNA binding regions from dsRBM1 have distinct and different values than binding regions present in dsRBM2. In this R ex -plot, loop4 which comes from dsRBM1 had less R ex values than its counterpart from dsRBM2 which further suggests the primary involvement of Fig. (3) . The annotated picture for backbone residues in dsRBM1/dsRBM2 using MOLMOL [45] loop4 in dsRNA binding followed by 1 and loop2 so as to make it complete, followed by dsRBM2 anchoring. Here, all assignments for dsRBD-PKR in the presence of Pf1 were rechecked using multinuclear NMR experiments. The average chemical shift perturbation, (ppm), was determined according to the following equation, followed by three point averaging for the smoothening of data (Fig. 4) .
The chemical shift perturbation mapping of the dsRBD of PKR in the presence of bacteriophage Pf1 is shown in Fig.  (4) . Residues which exhibited significant changes in the presence of bacteriophage Pf1 are situated in the region marked by "grey colour bars". These grey coloured regions mainly include dsRNA binding region during PKR activation. A potentially interesting observation in the differences between the two dsRBMs of dsRBD-PKR is the residues 42/43 of loop2 (from dsRBM1) and residues 128/130 of loop 7 (from dsRBM2). These were shown to be the primary loops involved in dsRNA binding [13, 14] . In both the dsRBMs, the residues with relatively significant chemical shift perturbations were mapped on the helix 1, loop2 ( 1-2 loop) and loop4 ( 3-2 loop and N-terminal of helix 2). There are some other regions which showed slightly high perturbation, which can not be explained presently by us. This seems to be consistent with the previously reported structures of single dsRBD-dsRNA complexes [26] [27] [28] . In these structures, three regions of dsRBD of PKR interacted with the dsRNA. The first region, helix 1, interacted with the minor groove of the dsRNA and the successive major groove of the dsRNA was recognised by the second region, which is loop4 and loop2. Here, perturbation data show that both the dsRBMs of PKR are mildly affected with the bacteriophage Pf1, primarily in the helix 1, the loop2 ( 1-2 loop) and the loop4 ( 3-2 loop and N-terminal of helix 2) of dsRBD of PKR (Figs. 3, 4) . In contrast, loop2 and loop4 showed more chemical shift perturbations in the presence of bacteriophage Pf1 and can be explained by Fig.  (5) . In this model, loop4 primarily interacted with dsRNA followed by other dsRNA binding regions becoming available to bind dsRNA. Following this, dsRBM2 tried to anchor for dsRNA binding but had a lesser preference. In loop2/loop7, there was always at least one positively charged residue, which interacted with the minor groove of dsRNA and is shown in Fig. (1) . In addition to these three main dsRNA binding regions, the residues from the interdomain linker present in between the two dsRBMs also exhibited significant chemical perturbations (Fig. 4) . Based on the earlier studies done for ssRBDs [29, 30] , these chemical shift perturbations can be explained. The present significant perturbations of the interdomain linker might be due to the direct interaction with the dsRNA or conformational change of the linker or both the dsRNA and the interdomain linker. In either ways, our chemical shift perturbation data showed that the interdomain linker seems to be a good candidate for dsRNA binding recognition.
In summary, we have shown that both the dsRBMs in PKR show different backbone dynamics and different chemical shift perturbation in the presence of Pf1. Though these chemical shift perturbations are less and Pf1 is quite different from dsRNA, these results can be correlated well with dsRBD-PKR's differential dsRNA binding activities as shown in the model (Fig. 5) . Though for the complete understanding of the dsRNA binding and involvement of the dsRBD secondary structural elements, one needs to observe these changes in presence of dsRNA, yet these studies give further understanding of RNA binding to the protein. We further comment that the interdomain linker may be involved in dsRNA binding recognition. These results propose a dynamically tuned dsRNA binding mechanism for PKR activation where loop4 and loop2 of dsRBM1 may anchor primarily to dsRNA and then 1 region for complete support. This might have induced the cooperative RNA binding to dsRBM2. These studies could lead to a mechanism about PKR activation as similar to the one mentioned in [14] , where the involvement of specific secondary structure segments in the activation pathway is briefly explained.
MATERIALS AND METHODS

Sample Preparation
The 15 N-dsRBD-PKR sample was over-expressed and purified using the protocol reported earlier [31] . The monomeric state of dsRBD-PKR was confirmed using gelfiltration column. This observation is consistent with its overall correlation time ( c =9.5 ns) [12] . The bacteriophage Pf1 was purchased from ASLA Biotech (http://www.aslabiotech.com). We used 5.0 mg/ml of bacteriophage Pf1 for the alignment, which was sufficient enough to orient the protein and study the protein dynamics. At higher concentrations of bacteriophage, the protein precipitates were observed.
NMR Experiments and Data Analysis
All the NMR experiments were recorded either on Varian Inova 600 MHz or Bruker Avance 500 MHz spectrometers at 25 °C, each equipped with a triple-resonance probe head and a shielded z-gradient unit. Few GFT based experiments were used to assign the dsRBD-PKR in the presence of Pf1 [32] [33] [34] . 15 N relaxation parameters, T 1 , T 2 and 1 H-15 N heteronuclear NOEs were obtained using the experiments described earlier [35] The experiments with the asterisk (*) were run twice to check the reproducibility of both the T 1 and T 2 measurements. Two NOE experiments were collected: one with a 3.0 s recycle delay followed by a 3.0 s pre-saturation period, and the other with a 6 s recycle delay without any pre-saturation at both the spectrometer frequencies, 600 and 500 MHz. Two dimensional [ 1 H-15 N]-HSQC spectra were recorded before and after the collection of the entire relaxation data to check the stability of the protein. No changes were found during the entire course of data collection, which took around 72 hrs in total.
All the data were processed using Felix 97 software (Molecular Simulations Inc.). The spectra were typically apodized using a 60°-shifted sine square bell window functions before zero-filling in both the dimensions, followed by Fourier transformation. Fig. (5) . Basic model for dsRNA-mediated PKR activation. Viral dsRNA is first anchored to the free dsRBM1, towards loop4 and loop2 followed by 1. This induces the cooperative binding to dsRBM2, which then gets exposed to bind to the kinase domain. This results in PKR dimerisation, authophosphorylation and activation. IDL denotes interdomain linker.
Determination of 15 N-Relaxation Parameters (R 1 , R 2 , and NOE) R 1 (T 1 ), R 2 (T 2 ) and steady-state NOE spectra were processed so as to achieve maximum peak heights [36] . Intensities (or peak heights; in arbitrary units) for various ( 1 H-15 N) cross peaks in these spectra were measured using the Felix software. Uncertainty in the peak heights was measured from the duplicate spectra. The standard deviations were found to be <5 % for all the relaxation data. After calculating the peak heights and their respective errors, the above time points were fitted to a single exponential decay function, to derive the corresponding R 1 and R 2 values, where I(t) is the intensity at delay t (ms) used in the measurement of R 1 and R 2 . A+B is the intensity at initial time t = 0, and A is the steady-state value that is the intensity at t = .
I(t) = A + B exp(-R 1,2 t)
The 1 H-15 N heteronuclear NOE was calculated from the equation, NOE = I sat /I eq where I sat and I eq are the intensities of a peak in the spectra recorded with and without proton saturation.
Reduced Spectral Density Calculation
In the present study, we preferred the use of reduced spectral density calculation method instead of model-free analysis [37, 38] . In principle, both the methods are very robust and give similar kind of information. Wagner et al., [25, 39, 40] described the calculation of spectral density functions by the use of six 1 H and 15 N relaxation rates. The analysis is neither independent of any form of time dependence of the autocorrelation function, nor does it require any specific kind of rotational diffusion tensor calculation of the molecule. Recent papers [21, 23, [41] [42] [43] [44] use only three 15 N relaxation parameters for reduced spectral density mapping, and thus provide a very useful method to obtain the protein motional information with the assumption that at high frequencies, the spectral density functions are: 2 at 500 and 600 MHz, respectively. Errors for the spectral density functions were calculated from the error in the relation parameters and by solving the above equations.
